Nitric-oxide synthases (NOSs) are flavo-heme enzymes whose electron transfer reactions are controlled by calmodulin (CaM). The NOS flavoprotein domain includes a ferredoxin-NADP ؉ reductase (FNR)-like module that contains NADPH-and FADbinding sites. FNR-like modules in related flavoproteins have three conserved residues that regulate electron transfer between bound NAD(P)H and FAD. To investigate the function of one of these residues in neuronal NOS (nNOS), we generated and characterized mutants that had Val, Glu, or Asn substituted for the conserved Asp-1393. All three mutants exhibited normal composition, spectral properties, and binding of cofactors, substrates, and CaM. All had slower NADPH-dependent cytochrome c and ferricyanide reductase activities, which were associated with proportionally slower rates of NADPH-dependent flavin reduction in the CaM-free and CaM-bound states. Rates of NO synthesis were also proportionally slower in the mutants and were associated with slower rates of CaMdependent ferric heme reduction. However, a D1393V mutant whose flavins had been prereduced with NADPH had a normal rate of heme reduction. This indicated that the kinetic defect was restricted to flavin reduction step(s) in the mutants and suggested that this limited their catalytic activities. Together, our results show the following. 1) The presence and positioning of the Asp-1393 carboxylate side chain are critical to enable NADPHdependent reduction of the nNOS flavoprotein. 2) Control of flavin reduction is important because it ensures that the rate of heme reduction is sufficiently fast to enable NO synthesis by nNOS.
Nitric oxide (NO)
1 is a widespread signal and effector molecule in biology (1) (2) (3) . Animals generate NO by virtue of the nitric-oxide synthases (NOSs), which catalyze a stepwise, NADPH-dependent oxidation of L-Arg to NO and L-citrulline, with N -hydroxy-L-arginine (NOHA) being formed as an intermediate. Each NOS is composed of an N-terminal oxygenase domain that binds iron protoporphyrin IX (heme), (6R)-tetrahydrobiopterin (H 4 B), and substrate, L-Arg, and a C-terminal flavoprotein domain that binds FAD, FMN, and NADPH. A calmodulin (CaM)-binding sequence connects the oxygenase and flavoprotein domains. During catalysis, electrons from NADPH transfer into the FAD and FMN groups of the NOS flavoprotein domain, and then transfer one at a time from the FMN hydroquinone (FMNH 2 ) to the ferric heme (4 -8) (Scheme 1).
Heme reduction enables the enzyme to bind O 2 and initiate an H 4 B-dependent oxygen activation that is required for catalysis (9, 10) . In all NOSs studied so far, the rates of NADPHdependent flavin reduction are fast relative to the rates of electron transfer from FMNH 2 to the ferric heme in the CaMbound enzymes (11) (12) (13) (14) . This makes heme reduction rate-limiting for NO synthesis and implies that the NOS flavins predominantly exist in their reduced forms during steady-state NO synthesis.
NOSs are part of a small enzyme family whose members have covalently linked flavoprotein and heme domains. The attached heme domain makes NOSs particularly useful for studying how electron transfer is regulated both into and out of the flavoprotein domain. NOS electron transfer reactions appear to be regulated at multiple levels by CaM. For example, CaM has been reported to increase the rates of NADPH-dependent flavin reduction and inter-flavin electron transfer, to increase the rate of electron transfer from the NOS flavoprotein to external acceptors like ferricyanide or cytochrome c, and to trigger NOS ferric heme reduction (14 -18) . These features are an important part of the unique regulation in NOS enzymes (19, 20) .
The NOS flavoprotein domain is structurally and catalytically similar to other dual-flavin oxidoreductases like cytochrome P450 reductases, methionine synthase reductase, novel reductase-1 (NR-1), the flavoprotein subunit of sulfite reductase, and the flavoprotein domain of cytochrome P450BM3 (21) (22) (23) (24) (25) . In these enzymes, the NADPH and FAD binding regions actually represent a ferredoxin NADP ϩ reductase-like module (FNR) that is also found in transhydrogenase enzymes including ferredoxin-NADP ϩ reductase, NADH-nitrite reductase, and NADH-cytochrome b 5 reductase (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Sequence comparisons and crystallographic studies have identified some common structural motifs that participate in dinucleotide cofactor binding or impact electron transfer in the FNR-like enzymes. For example, there typically are three conserved residues positioned near the NAD(P)H-FAD interface in these enzymes. These residues are represented in rat nNOS by Asp-1393, Ser-1176, and Cys-1349 (27) . Mutagenic substitution studies on the analogously positioned residues in FNR enzymes, cytochrome P450 reductase, and other related enzymes have established that each of the three residues helps to enhance the rate of hydride transfer between NAD(P)H and FAD (32) (33) (34) (35) (36) (37) (38) (39) (40) . Given the structural and regulatory properties of the NOSs, we sought to examine how one of these conserved residues (Asp-1393, Fig. 1 ) functions in rat nNOS regarding NADPH reduction of the flavoprotein domain and its export of electrons. Crystal structures of some related flavoproteins have revealed that the carboxylate side chain of this conserved Asp makes hydrogen bonds with adjacent protein residues and with the nicotinamide moiety of NAD(P)H (20, 32, 40, 41) . We therefore utilized site-directed mutagenesis to substitute Val, Asn, or Glu for Asp-1393 in nNOS. These either remove the side chain carboxylate, neutralize its charge, or alter its positioning, respectively. Characterization of these mutants reveals how Asp-1393 influences electron transfer into the nNOS flavoprotein domain, and how this in turn impacts electron transfer to the nNOS heme as well as the various catalytic activities.
EXPERIMENTAL PROCEDURES
Materials-All reagents and materials were obtained from Sigma or sources previously reported (16, 42, 43) .
Molecular Biology-Restriction digestions, cloning, bacterial growth, and transformation and isolation of DNA fragments were performed using standard procedures. Originally, rat nNOS DNA was inserted into the 5Ј NdeI and 3Ј XbaI site into the pCWori vector (16) . The D1393V, D1393E, and D1393N mutation sites in the nNOS cDNA were constructed by subcloning a PCR-generated fragment from pCWori/ nNOS using a 5Ј-oligonucleotide containing a newly engineered mutational site. The nNOS cDNA fragment coding from the KpnI unique restriction site at 4176 to the XbaI restriction site at 4441 was amplified using primers as follows: D1393V forward primer, AACGGTACCACG-AGGTCATCTTTGGAGTCACCCTCAGAA, and D1393V reverse primer, AAATCTAGAAGGACCAGGACACAGCAACAGGACAAG; D1393E forward primer, AACGGTACCACGAGGAAATCTTTGGAGT-CACCCTCAGAA, and D1393E reverse primer, AAATCTAGAAGGAC-CAGGACACAGCAACAGGACAAG; and D1393N forward primer, AA-CGGTACCACGAGAACATCTTTGGAGTCACCCTCAGAA, and D1393N reverse primer, AAATCTAGAAGGACCAGGACACAGCAACA-GGACAAG. The silent restriction sites and mutation sites are denoted by underlines and boldface, respectively. The PCR product and wildtype pCWori vector containing nNOS DNA were digested by both KpnI/ XbaI restriction enzymes. The double digested fragment of wild-type NOS pCWori plasmid was replaced by the double digested PCR fragment and transformed into JM109 cells to generate recombinant plasmid. Sequences of mutations were confirmed at the Cleveland Clinic DNA Sequencing Facility. Plasmids containing D1393V, D1393E, or D1393N mutant DNA were transformed into Escherichia coli strain BL21(DE3) for protein expression.
Expression and Purification of Wild-type and Mutant ProteinsWild-type rat nNOS and all three mutant proteins had a His 6 tag attached to their N termini to aid purification. They were overexpressed in E. coli strain BL21(DE3) and purified by sequential chromatography on Ni 2ϩ -nitrilotriacetic acid and 2Ј,5Ј-ADP-Sepharose resins in the absence of CaM as described earlier (16, 42) .
Determination of Bound FAD and FMN-Bound FAD and FMN were released from nNOS or mutants by heat denaturation (95°C for 5 min in the dark) and measured using a fluorometric high pressure liquid chromatography method as described previously (16) .
NO Synthesis, NADPH Oxidation, Cytochrome c Reduction, and Ferricyanide Reduction-Steady-state activities of wild-type and mutant proteins were determined separately at 25°C using spectrophotometric assays that were described previously in detail (16, 42, 43) .
Measurement of Apparent K m for NADPH-Apparent K m and V max values were determined by double-reciprocal analysis of the NADPHdependent cytochrome c reductase activity versus initial NADPH concentration with reactions run in the presence or absence of Ca 2ϩ /CaM. Steady-state NADPH Oxidation-Wild-type and mutant nNOS enzymes were diluted to 4 M in a cuvette that contained buffer, H 4 B, Ca 2ϩ , CaM, and other additives as used for the NO synthesis assay (42) , except that here oxyhemoglobin, L-Arg, and NADPH were omitted. A spectrum was collected, and NADPH solution was then added to give 100 M, and a second spectrum was collected during NADPH consumption.
Flavin and Heme Reduction Kinetics-Kinetics of flavin and heme reduction were analyzed at 10°C as described previously (16, 42, 43) using a stopped-flow apparatus (with a dead time of 1.5 ms) from Hi-Tech Ltd. (models SF-61 and 51-MX) connected to diode array or single wavelength detectors and equipped for anaerobic work. Flavin reduction kinetics was determined from the absorbance change at 485 nm and in some cases at 600 nm. In the case of D1393V nNOS, the enzyme preparation to be used in flavin reduction experiments was first treated with FeCN 6 followed by size exclusion chromatography to oxidize the air-stable FMN semiquinone that is normally present in the enzyme after purification. The NOS heme reduction inhibitor N-nitro-L-arginine (44) was also added in order to prevent concurrent electron transfer from FMNH 2 to the ferric heme during measures of flavin reduction kinetics. In cases where the rate of heme reduction was to be determined, we omitted N-nitro-L-arginine. Heme reduction was monitored by formation of the ferrous-CO complex and the kinetics determined by fitting traces of absorbance change versus time at 444 nm. Unless stated otherwise, reactions were initiated by rapid mixing an anaerobic CO-saturated solution containing 100 M NADPH with an anaerobic CO-saturated solution containing wild-type or mutant nNOS (2 M), 40 mM EPPS buffer, pH 7.6, 10 M H 4 B, 0.3 mM dithiothreitol, 1 mM L-Arg, 4 M CaM, and 1 mM Ca 2ϩ . In one case, the heme reduction kinetics in D1393V nNOS was studied differently. The enzyme was preincubated at room temperature with excess NADPH in an anaerobic cuvette and in the absence of CaM and added Ca 2ϩ , in order to prereduce the flavoprotein domain. NADPH reduction of enzyme flavins was confirmed by monitoring the loss of absorbance between 380 and 500 nm versus time of preincubation, and took about 1 h. The prereduced enzyme was then transferred into the stopped-flow device and mixed under anaerobic conditions with a CO-saturated solution containing 1 mM Ca 2ϩ and 4 M CaM to trigger heme reduction. In all stopped-flow studies, the signal-to-noise ratios were improved by averaging 7-10 individual mixing experiments. The time course of absorbance change was fit to single or multiple exponential equations using a nonlinear least squares method provided by the instrument manufacturer.
Fluorescence Spectroscopy-Flavin fluorescence measurements were done using a Hitachi model F-2000 spectrofluorometer as described previously (42, 45) . A 1-ml quartz cuvette with a path length of 1 cm was used for the experiments. The nNOS proteins were diluted to 2 M in 40 mM EPPS, pH 7.6, containing 0.6 mM EDTA, 1 mM DDT, and 3 M CaM. Proteins were irradiated with 460 nm light using an in-line 8% filter, and the emission at 530 nm was monitored versus time before and after consecutive addition of 1 mM Ca 2ϩ and 3 mM EDTA.
RESULTS
Spectral and Physical Properties-The Asp-1393 mutant nNOS proteins expressed well in E. coli and displayed normal spectral properties in their purified forms. For example, the mutants exhibited a Soret peak at 393 nm and visible peaks at 460 and 485 nm in the presence of 1 mM L-Arg and 10 M H4B (data not shown). Dithionite reduction of each mutant in the presence of L-Arg, H 4 B, and CO produced the expected 444 nm absorbance peak for the six coordinate ferrous-CO complex in all cases (data not shown). Flavin analysis showed that the mutants contained normal quantities of FAD and FMN (ϳ1 each per nNOS heme) (data not shown). Their ability to bind and elute from the 2Ј,5Ј-ADP resin during purification showed that they still could reversibly bind NADPH. These properties indicate that substitution of Asp-1393 by Val, Glu, or Asn did not grossly alter the physical properties of nNOS.
Steady-state Catalytic Activities- Tables I and II list values for four steady-state catalytic activities of the wild-type and mutant nNOS enzymes that were measured at 23 (room temperature) and 10°C. The D1393V mutant had markedly lower ferricyanide and cytochrome c reductase activities compared with wild type in either the CaM-bound or CaM-free state. CaM binding only marginally increased the cytochrome c or ferricyanide reductase activities of D1393V nNOS. In contrast, the SCHEME 1. Path of electron transfer in nNOS. D1393E and D1393N mutants had basal ferricyanide and cytochrome c reductase activities that ranged from one-fourth to one-half of the wild-type enzyme reductase activities. CaM increased the reductase activities of the D1393E and D1393N mutants in a manner similar to wild type, although the absolute values achieved for the mutants remained lower and ranged from one-fourth to one-third those of wild-type nNOS plus CaM.
CaM was obligatory for NO synthesis by D1393E and D1393N nNOS, and their activities were about one-third that of wild type at room temperature (Table I ). In contrast, D1393V nNOS had no detectable NO synthesis when L-Arg was the substrate, but did show a low, detectable activity (1.3 Ϯ 0.4 NO per min at room temperature) when the reaction intermediate NOHA was used as substrate in place of L-Arg. Rates of NADPH oxidation were also measured during the NO synthesis assays or in the absence of CaM (Tables I and II) . For the D1393E and D1393N mutants, the NADPH oxidation rates were proportionally lower than that of wild-type nNOS. Thus, NADPH oxidation in these mutants remained relatively well coupled to their NO synthesis. Rates of NADPH oxidation for D1393V nNOS were much lower than those of wild-type nNOS, consistent with its poor NO synthesis. Together, the results indicate that the carboxyl side chain of Asp-1393 has a crucial role in the catalysis of these four steady-state activities in the presence or absence of CaM.
Apparent K m for NADPH and Enzyme CaM Response-The apparent K m values for NADPH in the nNOS mutant proteins did not differ significantly from wild type (Table III) . Apparent K m values were increased 1.5-2-fold by CaM binding, consistent with a previous report (46) . These data suggest that the Asp-1393 mutations did not significantly alter NADPH binding interaction with nNOS. CaM binding to nNOS increases its flavin fluorescence in a partially reversible manner (42, 44) . As shown in Fig. 2 , CaM binding to either the D1393V or D1393E mutants caused fluorescence increases that were similar to those observed with wild-type nNOS. These results suggest that CaM binds to the Asp-1393 mutants and induces normal protein conformational changes within the flavoprotein domain.
Kinetics of Flavin and Ferric Heme Reduction-To determine how the Asp-1393 mutations impact electron transfer in nNOS, we compared rates of NADPH-dependent flavin and ferric heme reduction in the enzymes. The reactions were initiated in a stopped-flow spectrophotometer at 10°C by rapid-mixing enzymes with excess NADPH under anaerobic conditions, and the absorbance change was followed using either a diode array or single wavelength detector. Rates of flavin reduction were determined by monitoring the absorbance decrease at 485 nm, whereas rates of heme reduction were determined from the absorbance increase at 444 nm, which monitors formation of a ferrous heme-CO complex (42, 43) . Rates derived from these experiments are listed in Table IV .
Averaged absorbance traces representing flavin and heme reduction in D1393E and D1393N nNOS are shown in Fig. 3 , A-C and D-F, respectively. Like wild-type nNOS (15, 42) , the absorbance change at 485 nm indicating flavin reduction was sufficiently described as biphasic for either mutant (Table IV) , although less of their total absorbance change could be attributed to the fast phase as compared with wild-type enzyme. CaM increased the fast phase rates of flavin reduction for either mutant in a manner similar to wild-type enzyme. The averaged kinetic traces obtained at 444 nm for the D1393E and D1393N mutants are displayed in Fig. 3 , C and F. The initial decrease in absorbance that appears in both traces was due to the initial NADPH-dependent flavin reduction step that must take place prior to electron transfer to the ferric heme. The subsequent absorbance gain at 444 nm represents ferric heme reduction, and this phase was sufficiently described as a monophasic transition for both mutants. The data indicate that the rates of ferric heme reduction are similar for the D1393E and D1393N nNOS mutants and are about four times slower than in wild-type nNOS (Table IV) .
In Fig. 4 , traces A and C are the averaged absorbance traces recorded at 485 nm to follow flavin reduction in fully oxidized 2 D1393V nNOS in the presence or absence of CaM. The absorbance decrease at 485 nm was satisfactorily described as biphasic in both circumstances. Remarkably, flavin reduction in D1393V nNOS was about 1000 times slower than in wild-type enzyme (Table IV) . The ability of CaM to increase the flavin reduction rate was also blunted in this mutant. However, CaM did cause a greater proportion of the total absorbance change at 485 nm to shift to the fast phase (Table IV) , and also doubled the extent of flavin reduction that was achieved during the observation period, as judged by comparing the magnitude of absorbance decrease that was attained at 485 nm in the presence and absence of CaM (Fig. 4) . Together, these results demonstrate that Asp-1393 exerts a powerful influence on the kinetics of NADPH-dependent flavin reduction and is also needed to obtain the full rate increase that is typically observed when CaM binds to nNOS.
We also followed the coincident absorbance change at 600 nm during NADPH-dependent flavin reduction of fully oxidized D1393V nNOS. Absorbance change at this wavelength can indicate the buildup and subsequent reduction of a flavin disemiquinone species that forms subsequently to hydride transfer from NADPH via a 1-electron transfer between FAD hydroquinone and FMN (Scheme 2) (15, 46) . The averaged absorbance traces at 600 nm that were collected for the CaMfree and CaM-bound D1393V nNOS are shown in traces B and D of Fig. 4 . After an ϳ5-10 s lag we observed an absorbance gain at 600 nm in both cases. This indicates that an inter-flavin electron transfer step occurred subsequent to hydride transfer from NADPH and led to the buildup of detectable amounts of a flavin di-semiquinone species in both the CaM-free and CaMbound mutant enzyme, as also occurs in fully oxidized wildtype nNOS during its reduction with excess NADPH (15, 46 ). The 600 nm absorbance then remained constant in CaM-free D1393V nNOS over the rest of the observation period, whereas the absorbance decayed in the CaM-bound mutant. This result, together with the concurrent absorbance data recorded at 485 nm, indicates that CaM promotes reduction of the flavin disemiquinone species by a second molecule of NADPH in D1393V nNOS. The observed absorbance increases and decreases at 600 nm each fit well to a single exponential function. This gave calculated rates for the absorbance increases of 0.013 Ϯ 0.001 s Ϫ1 (ϪCaM) and 0.048 Ϯ 0.006 s Ϫ1 (ϩCaM), and for the absorbance decrease of Ϫ0.0033 Ϯ 0.0003 s Ϫ1 (ϩCaM only).
We next investigated the kinetics and extent of ferric heme reduction in D1393V nNOS enzyme preparations that either did or did not contain a residual air-stable FMN semiquinone that is typically present in the enzyme after purification. Samples of CaM-bound enzyme in a CO-saturated buffer were rapidly mixed with NADPH at 10°C under anaerobic conditions in the stopped-flow instrument, and spectra were collected versus time as described earlier. The data from reaction of an enzyme preparation that contained residual FMN semiquinone is shown in Fig. 5, A and B . A significant degree of ferric heme reduction took place during the reaction period, as judged by the loss of ferric heme absorbance at 400 nm and coincident buildup of the heme ferrous-CO complex at 444 nm (Fig. 5A) . In contrast, very little (about 5%) heme reduction took place over the same period in a control enzyme reaction that did not contain CaM (data not shown). This indicated that the heme reduction we observed in Fig. 5A represented CaM-dependent electron transfer between flavin and heme centers within D1393V nNOS, rather than an electron transfer through disproportionation of enzyme molecules in solution. Fig. 5B and inset depict the kinetics of heme reduction after mixing a CaMbound D1393V nNOS with excess NADPH. Heme reduction was delayed for about 15 s and was then biphasic, such that there was a 40-fold difference between the fast and slow rates of absorbance increase at 444 nm (Table IV) . 3 The proportion of absorbance gain attributed to the fast phase ranged from 70 to 25% among three D1393V nNOS preparations (data not shown). Remarkably, the fast phase of heme reduction in D1393V nNOS was still 200 times slower than the heme reduction rate in wild-type nNOS (Table IV) .
To examine whether the residual flavin semiquinone that was present in the D1393V nNOS preparation was linked to the biphasic heme reduction, we measured the kinetics of heme reduction in a CaM-bound D1393V nNOS preparation whose residual FMN semiquinone had been oxidized by FeCN 6 treatment prior to its reaction with NADPH in the stopped-flow spectrophotometer. Fig. 5C contains the averaged absorbance trace recorded at 444 nm during NADPH reduction of the preoxidized enzyme. After an initial delay, we observed a small absorbance gain whose rate matched the fast phase of heme reduction (data not shown) and thus may be attributed to the presence of a residual enzyme population that still contained a flavin semiquinone. There then was a further time delay before the bulk of heme reduction was initiated. This was essentially monophasic and proceeded at a rate of 0.0014 Ϯ 0.0001 s Ϫ1 , which is similar to the slow phase rate of heme reduction that we obtained for the enzyme preparation used in Fig. 5B . Together, the results indicate that D1393V nNOS exhibits a shorter lag period and fast phase of heme reduction when it contains an air-stable flavin semiquinone, and exhibits a longer lag period and slow phase of heme reduction when it is fully oxidized.
We next wished to view the redox states of the flavins and heme during steady-state NADPH oxidation by the CaMbound, H 4 B-saturated enzymes in the absence of L-Arg. 4 Under this circumstance, electron transfer occurs from NADPH to FAD to FMN to heme to O 2 . In addition, both O 2 binding and decay of the resulting heme ferrous-dioxy species are rapid in air-saturated buffer relative to the rate of heme reduction (47) . These conditions enabled us to judge buildup of reduced flavins or heme during steady-state NADPH oxidation by simply comparing the spectra recorded before and during the reaction. Fig.  6 contains spectra recorded for each of the four H 4 B-replete, CaM-bound proteins in both their resting ferric state and during steady-state NADPH oxidation in air-saturated buffer at room temperature. Spectra of wild-type nNOS indicate that its flavins exist in an almost completely reduced state during NADPH oxidation, along with a minor amount of reduced heme, the latter as judged by the partial decrease in ferric absorbance at 650 nm. This result matches what was reported previously for wild-type nNOS (48) . The spectra of the D1393E and D1393N mutants indicate that their flavins exist only in a partly reduced state during NADPH oxidation (44 and 46% reduced relative to wild-type nNOS, respectively), as judged by comparing their absorbance decreases at 485 nm with wild type. There was no detectable buildup of ferrous heme in these enzymes. Finally, the spectra of D1393V nNOS show that its flavins are predominantly in the fully oxidized state during steady-state NADPH oxidation. These results indicate that different steps in the electron transfer cascade are rate-limiting among the enzymes.
We next examined if the Asp-1393 mutations impact electron transfer from FMNH 2 to the ferric heme. We measured the rate of ferric heme reduction in a D1393V nNOS sample whose flavoprotein had been prereduced with NADPH. We preincubated the CaM-free mutant with excess NADPH under anaerobic conditions for ϳ1 h until maximal flavin reduction was achieved. The degree of flavin reduction obtained is indicated by the initial and final spectra that we recorded during the enzyme incubation with NADPH (Fig. 7, inset) . We then mixed the prereduced enzyme with an anaerobic, CO-saturated buffer containing Ca 2ϩ and CaM in the stopped-flow instrument, and we collected spectra to observe heme reduction as indicated by CO binding. In such an experiment, a rapid binding of CaM occurs upon mixing and triggers ferric heme reduction (17, 43) . Fig. 7 , main panel, contains the averaged kinetic trace collected at 444 nm during the reaction. There was a very rapid absorbance increase during the first 20 ms. The rate of this transition suggests that it represents CO binding to an enzyme fraction that had become reduced to ferrous during the incubation with NADPH. 5 On the basis of the absorbance increase during this initial phase, we estimate that this reaction involved 30 -40% of the total enzyme that was present in the sample. The next portion of the 444 nm trace was a monophasic absorbance increase that indicated ferric heme reduction as triggered by CaM binding. The calculated rate of this phase was 4.9 Ϯ 0.3 s Ϫ1 , which is essentially equivalent to the rate of ferric heme reduction that we measured in wild-type nNOS (Table IV) . These results indicate that the flavoprotein domain of D1393V nNOS functions normally in catalyzing electron transfer between FMNH 2 and the ferric heme. DISCUSSION Our results confirm that Asp-1393 enables flavin reduction by NADPH and reveal how this effect impacts downstream electron transfer events and catalytic activities of nNOS. The site-directed substitutions at Asp-1393 appeared to be well tolerated by nNOS because the mutants had normal flavin content, NADPH interaction, and flavin fluorescent response 4 L-Arg is omitted to prevent NO generation during catalysis, because otherwise the NO will quickly bind to the enzyme and cause prominent buildup of heme-NO species (48) that confound the spectral analysis. 5 The heme reduction occurred in CaM-free nNOS due to a slow electron transfer between enzyme molecules in solution. upon CaM binding. This is consistent with CYPR and FNR enzymes tolerating similar mutations made at the homologous residue (35, 37) . The specific nature of the Asp-1393 mutations allowed us to examine how they impact flavin reduction and catalytic events such as cytochrome c reduction, nNOS heme reduction, and NO synthesis. Flavin Reduction-Steps involved in flavin reduction by excess NADPH have been described for CYPR and related enzymes (18, 35, 46, 49, 50) . After NADPH binds it quickly forms a charge transfer complex with FAD and then engages in a relatively rapid hydride transfer to FAD. Subsequent steps include inter-flavin electron transfer, release of NADP ϩ , binding of a second NADPH molecule, and further electron transfer into and among the flavins. A biphasic absorbance loss at 485 nm has been reported previously to describe NADPH-dependent flavin reduction in wild-type nNOS (11, 16, 43) and in CYPR (35, 50) . In general, the first phase is thought to correspond to hydride transfer to FAD and rapid inter-flavin electron transfer, whereas the second phase has been proposed to correspond to further reduction of the flavins by a second molecule of NADPH and to potentially be rate-limited by NADP ϩ release and/or some conformational change (18) . However, another group has suggested that the slower phase could also represent inter-flavin electron transfer from FAD to FMN (15, 46) .
Each of our Asp-1393 mutants exhibited biphasic absorbance loss at 485 nm when reacted with excess NADPH, and CaM increased the rates in all cases. This indicates that the mutants have a normal CaM response, at least regarding its ability to kinetically enhance the steps involved in NADPH-dependent flavin reduction.
The absorbance traces collected at 600 nm help to extend these results for D1393V nNOS. Within the first 5-10 s of NADPH reaction with the CaM-bound mutant, there was no significant absorbance gain at 600 nm despite some absorbance loss at 485 nm within the same period (about 25% of the total loss at 485 nm). This suggests that NADPH bound, and perhaps some hydride transfer occurred in the enzyme prior to the start of inter-flavin electron transfer. Next, during the 10 -50-s reaction period the flavin reduction rate as judged by absorbance loss at 485 nm (k 1 , fast phase) was approximately equivalent to the buildup rate of flavin semiquinone species as judged by the absorbance gain at 600 nm, indicating a period where hydride transfer to FAD occurred coincident with interflavin electron transfer. Finally, during the 50 -500-s reaction period the rate of flavin reduction measured at 485 nm (the slow phase or k 2 ) became approximately equivalent to the decay rate of the flavin semiquinone species as judged at 600 nm, suggesting a period of further flavin reduction by a second molecule of NADPH. The ability of CaM to speed the processes that enable flavin reduction by a second molecule of NADPH was particularly apparent in D1393V nNOS, because only in its CaM-bound state did we observe coincident decay of the flavin semiquinone signal and further absorbance loss at 485 nm within the 500-s data collection period. This result suggests that CaM facilitates NADP ϩ release from the enzyme, interflavin electron transfer, and/or hydride transfer from a second molecule of NADPH. In general, the kinetic effects that we observed for CaM in D1393V nNOS match what has been reported over much shorter time frames in experiments done with wild-type nNOS (15) .
Our results imply that the inter-flavin electron transfer step is not rate-limiting for flavin reduction in D1393V nNOS. This derives from our observing nearly equivalent rates of flavin semiquinone buildup and flavin reduction in both the CaM-free and CaM-bound forms of this mutant. In addition, the spectrum recorded during NADPH oxidation by CaM-bound D1393V nNOS showed that very little reduced flavin species build up during the steady state. Thus, hydride transfer from NADPH to FAD appears to limit the rate of flavin reduction in this mutant. 
FIG. 5. Kinetics of heme reduction in D1393V nNOS at 10°C.
Heme reduction was monitored by measuring the formation of the enzyme ferrous-CO complex. A contains selected rapid-scanning spectra that were recorded within 24 min after mixing excess NADPH (100 M) with 2 M CaM-bound D1393V nNOS under anaerobic conditions in a stopped-flow spectrophotometer. B and C contain averaged absorbance traces at 444 nm (8 -10 individual scans each) from experiments that used an enzyme preparation that contained residual flavin semiquinone (B and inset) or an enzyme preparation whose residual flavin semiquinone was oxidized by pretreatment with FeCN 6 (C). The dashed lines of best fit are included.
Cytochrome c Reduction-It is useful to consider how the rates of flavin reduction in our Asp-1393 mutants and wildtype nNOS compare with their steady-state rates of electron transfer to cytochrome c. In CaM-bound D1393V nNOS, the initial rate of flavin reduction (k 1 at 485 nm) is approximately equivalent to the inter-flavin electron transfer rate (as judged by the rate of absorbance increase at 600 nm), which in turn is approximately equivalent to the rate of cytochrome c reduction (about 0.03 s Ϫ1 at 10°C). However, this relationship between the fast phase of flavin reduction (k 1 at 485 nm) and rate of cytochrome c reduction does not hold for the wild-type nNOS or for the D1393E and D1393N mutants. In either their CaMbound or CaM-free states, the k 1 values for flavin reduction are between 4 and 10 times faster than the rates of cytochrome c reduction at 10°C. In fact, for the D1393E and D1393N mutants, the rates of cytochrome c reduction better match the slow phase of their flavin reduction (k 2 at 485 nm). As noted above, the value of k 2 likely relates to events that are subsequent to the initial hydride transfer step but are still critical for FMNH 2 formation during the steady state, including NADP ϩ release, inter-flavin electron transfer, and further reduction by NADPH. To conclude, the analysis suggests that hydride transfer limits the rate of cytochrome c reduction by D1393V nNOS, whereas a subsequent step (or steps) involved in flavin reduction limits the rate of cytochrome c reduction by wild-type nNOS and by the D1393E and D1393N mutants.
Heme Reduction-In wild-type nNOS, flavin reduction is faster than ferric heme reduction and so heme reduction limits the rate of NO synthesis (11) (12) (13) (14) 51) . NOS heme reduction requires FMNH 2 formation because only this species can transfer an electron to the ferric heme in the CaM-bound enzyme (52, 53) . Thus, by virtue of an attached heme domain, nNOS has a built-in indicator of FMN redox status that is absent in simpler flavoproteins like CYPR.
In D1393V nNOS we observed two rates of heme reduction, with the fast and slow phases being associated with enzyme subpopulations that as isolated either did or did not contain an electron in the flavoprotein domain, respectively. We also observed two different lag periods for heme reduction, with the shorter lag time being associated with the 1-electron-reduced enzyme subpopulation. These results can be understood by considering Fig. 8 , which illustrates how NADPH-derived electrons may load into a fully oxidized versus 1-electron-reduced form of the nNOS flavoprotein. The midpoint reduction potentials of the nNOS flavins are known (53) and indicate that two NADPH binding and hydride transfer events are needed to generate significant amounts of FMNH 2 when starting with the fully oxidized flavoprotein. However, when starting with the 1-electron reduced form, a single hydride transfer from an NADPH is sufficient to generate significant amounts of FMNH 2 . Thus, upon mixing a CaM-bound, fully oxidized D1393V nNOS with excess NADPH, there was about a 150-s lag period before initiating the slow phase of heme reduction. The long delay and slow rate of heme reduction under this circumstance (0.001 s Ϫ1 ) match our estimates for the delay time and rate of flavin semiquinone reduction by a second molecule of NADPH as is required to generate significant amounts of FMNH 2 in the fully oxidized enzyme. Indeed, the data in Fig. 4 indicate that flavin semiquinone reduction by a second NADPH begins about 100 s after mixing and proceeds at a rate of about 0.003 s Ϫ1 . In contrast, for NADPH reduction of the 1-electron-reduced D1393V nNOS, there was a shorter lag time (about 20 s) and about a 10-fold faster rate of ferric heme reduction (0.03 s Ϫ1 ). These timings correlate well with our estimated delay time and rate of hydride transfer between an initial molecule of NADPH and FAD (15-s delay, 0.045 s Ϫ1 ). To conclude, the kinetic data for D1393V nNOS indicate that hydride transfer from NADPH limits the rate of all subsequent electron transfer steps in this mutant. It is likely that the different lag times and rates of heme reduction that we observed in the 0-and 1-electron-reduced forms of D1393V nNOS are due to the enzyme requiring two versus one molecule of NADPH, respectively, to achieve significant FMNH 2 formation. However, once FMNH 2 is formed in D1393V nNOS, it seems capable of reducing the ferric heme at a normal rate, as judged from our stopped-flow heme reduction experiment using an NADPH prereduced enzyme that contained FMNH 2 .
A different situation exists in the D1393N and D1393E mutants. The spectra collected during their steady-state NADPH oxidation showed that their flavins are maintained in about a 50% reduced state along with an oxidized (ferric) heme. Given the linear path of electron transfer in nNOS (i.e. NADPH to FAD to FMN to heme), this result can only mean that the slow step in the electron transfer pathway is downstream from hydride transfer but before the electron transfer from FMNH 2 to heme. Indeed, in a case where electron transfer between FMNH 2 and ferric heme is rate-limiting (as occurs in wild-type nNOS), one observes near-complete flavin reduction during the steady state. Thus, we can conclude that hydride transfer between NADPH and FAD is not rate-limiting for heme reduction in D1393E and D1393N nNOS. This concept is also supported by their fast phase rates of flavin reduction (k 1 values at 485 nm) being at least 3-fold greater than their rates of cytochrome c reduction, which also depends on the rate of FMNH 2 formation.
Given the above, can we discern if the rate of FMNH 2 formation in D1393N and D1393E nNOS limits their rate of ferric heme reduction? This would be consistent with the mutants having longer lag times before initiating NADPH-dependent heme reduction in the stopped-flow experiments (they had lag times of about 160 ms compared with 30 ms for wild type). Three other types of data can address this question. On one hand, we have their estimated rates for steady-state cytochrome c reduction at 10°C (3.4 and 3.6 s Ϫ1 ). These are close to but still a bit faster than the observed rates of heme reduction at 10°C for these mutants (1.1 and 1.3 s Ϫ1 ). On the surface, this comparison suggests that other factors besides the rate of FMNH 2 formation may help to limit the rate of heme reduction. On the other hand, we have the steady-state spectral traces that indicate very little if any FMNH 2 builds up in these two mutants during their NADPH oxidation (if it did build up, we would have observed greater than 50% flavin reduction in the steady state). Moreover, once FMNH 2 is formed in D1393V nNOS, it supports a normal rate of electron transfer to the heme upon CaM binding, which implies that this specific electron transfer step is not affected by the Asp-1393 mutations. Thus we believe the balance of evidence is consistent with the rate of heme reduction in D1393N and D1393E nNOS being limited by the rate of FMNH 2 formation. The basis for this effect is under further investigation.
NO Synthesis-The lower NO synthesis activities of D1393E and D1393N nNOS are expected given their slower rates of heme reduction, as established previously with wild-type nNOS (16, 54) . One may note that the percent decrease in NO synthesis activity of these mutants (about 35-45% slower than wild-type nNOS) is less than the percent decrease in their heme reduction rates (about 75% slower than wild type). This apparent discrepancy is due to the complex way that the rate of heme reduction affects the relative importance of two other enzyme kinetic parameters that together determine the rate of NO release by nNOS during steady-state catalysis (16, 19) .
The D1393V mutant had no detectable NO synthesis from L-Arg but did catalyze a slow rate from NOHA. This arises because when the substrate is L-Arg the NOS heme must catalyze two sequential and independent rounds of oxygen activation to generate NO. Specifically, the first round is needed to convert L-Arg to NOHA, whereas the second round is needed to convert NOHA to NO plus citrulline. Each round requires that FMNH 2 be formed to transfer one electron to the ferric heme. Apparently, the regeneration rate of FMNH 2 is so slow in D1393V nNOS that the bound NOHA intermediate dissociates from the enzyme before it can be further oxidized. This behavior is consistent with the estimated NOHA dissociation rate from NOS (estimated k off is from 1 to 3 s Ϫ1 ; see Refs. [55] [56] [57] . On the other hand, when NOHA is the substrate, only one FMNH 2 needs to form and transfer an electron to the heme to initiate the single round of oxygen activation that is required to generate NO (47) .
Possible Structural Basis for Asp-1393 Function-Asp-1393 is part of a triad of residues in nNOS (Ser-1176, Cys-1349, and Asp-1393) that is conserved throughout the FNR enzyme family and has been shown in some members to enable reduction of their bound flavin by NAD(P)H (33) (34) (35) (36) (37) (38) . A crystal structure of the FNR subdomain of nNOS showed that Asp-1393 and the two other residues of the triad are positioned as in related flavoproteins to facilitate hydride transfer to FAD (27) . How the conserved Asp may function at a molecular level was revealed in crystal structures of CYPR and FNR that contain NADP(H) with its nicotinamide ring held in either a "productive" or "non-productive" conformation (21, 32, 40, 41) . In the productive conformation the nicotinamide ring is held up against the isoalloxazine ring of FAD to enable hydride transfer between them, whereas in the non-productive conformation the nicotinamide ring is displaced away from the FAD ring. The two conformations reveal two separate roles for the conserved Asp. In the productive conformation its side chain carboxylate forms a hydrogen bond with the nicotinamide to help properly position it against the FAD isoalloxazine ring. In the nonproductive conformation the Asp carboxylate makes hydrogenbonding interactions with neighboring Ser and Cys residues that are thought to enable proton transfer from solvent to the N-5 atom of the reduced FAD. The Asp carboxylate is also held close enough to the FAD to possibly influence the flavin midpoint reduction potentials.
In general, the available biochemical and structural data suggest that Asp-1393 performs similar functions in nNOS. To give just one example, the slow flavin reduction rates that we observed for our D1393V and D1393N nNOS mutants match remarkably well to the kinetic profiles of the analogous CYPR Asp-675 mutants (35) . Similar function may extend to the two other residues of the nNOS triad, as a preliminary report has shown that Ser-1176 is important for cytochrome c reduction and NO synthesis (58) . Thus, the available data suggest potential mechanisms whereby eliminating the carboxylate side chain of Asp-1393 (D1393V nNOS), altering its location (D1393E nNOS), or neutralizing its charge (D1393N nNOS) could each negatively impact hydride transfer from NADPH to FAD and slow electron transfer in the nNOS flavoprotein.
Role in the Regulatory Mechanisms of nNOS-The influence of Asp-1393 appears to be primarily restricted to NADPH reduction of the nNOS flavoprotein. This is an important distinction because point mutation of a nearby conserved residue has broader effects. Specifically, mutation of the aromatic residue Phe-1395 not only altered the ability of nNOS to discriminate between NADPH and NADH but also relieved the repression of electron transfer and catalysis that is normally observed in the CaM-free state (59) . Thus, although Asp-1393 and Phe-1395 lie just upstream in sequence from the CaM-responsive C-terminal regulatory element in nNOS (Fig. 1) (14, 60) , our data suggest that Asp-1393 is less involved in regulation compared with Phe-1395. In general, the extensive integration of conserved and unique structural elements in the NOS flavoprotein (20, 59 -64) makes it difficult to predict experimental outcomes but also promises to provide new perspectives on flavoprotein function and regulation.
